Positive effective Qu electrostrictive coefficient in perovskites 
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It is demonstrated that for classical perovskites such as BaTi03, SrTiOa and PbTi03 
electrostrictive strain induced by an electric field may not obey traditionally consid- 
ered "extension along the field, contraction perpendicular to it" behavior if a sample 
is cut obliquely to the cubic crystallographic directions. 

PACS numbers: 77.55.-g, 77.65.-j, 77.80. Jk 
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I. INTRODUCTION 



To exhibit a deformation under the application of an electric field, is a common prop- 
erty of solids. Historically, this phenomena was called electrostriction and it implied both 
a linear converse piezoelectric effect and a quadric effect with respect to polarization, i.e. 
electrostriction. The electrostrictive effect, being quadratic, is typically weaker than the 
piezoelectric one. At the same time, in materials of interest for applications, primarily ferro- 
electrics, the piezoelectric effect has its disadvantages, for example it shows hysteresis which 
is undesirable for actuator applications 1 ', while electrostriction in centrosymmetric materials 
is free of this drawback. Electrostriction plays an essential role in physics and applications 
of solids. First of all, electrostriction is of importance for thin film strain engineering 2 . In 
relaxor ferroelectrics, in view of their high dielectric constant, the electrostrictive effect can 
be used for actuator applications^. Electrostriction is important for tunable thin film bulk 
acoustic resonators (TFBARs) based on ferroelectric films where it is responsible for the 
dc-field-induced piezoelectricity in the material^. 

It is generally believed that in perovskite ferroelectrics the electrostrictive effect leads to 
expansion of the sample along the applied electric field and its contraction in the perpen- 
dicular direction. However, this is not a general rule for ferroelectrics. For example, some of 
the ferroelectric polymers from the polyvinylidene fluoride (PVDF) family can exhibit the 
opposite behavior-^ Here a reasonable question arises; is the "extension along the field, 
contraction perpendicular to it" rule general for perovskites or is it rather a feature of the 
crystallographic orientation of the sample? This paper addresses this question to show that 
the "extension along the field, contraction perpendicular to it" rule can be readily violated 
if the sample is cut obliquely to the cubic crystallographic directions. 

II. POSITIVE EFFECTIVE Q 12 ELECTROSTRICTION 

To answer this question, let us consider a bar of perovskite material in the cubic paraelec- 
tric phase cut obliquely in a direction which differs by angle 9 from the [001] crystallographic 
axis (see Fig. [p. The oblique cut direction changes in the (llO)-plane and passes from [001] 
to [111] and then to [110]-directions. To explore the electrostrictive strain behavior, one ap- 
plies an electrical field E which in turn induces polarization P parallel to the field ( P = xE 
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for cubic material) in the oblique cut direction. The polarization P in the sample 
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FIG. 1. Direction of polarization described by angle 9 and the rotated reference frame (x\, x'2, x'3) 
associated with it. The polarization direction changes in plane going from [001] to [111] and then 
to the [110] direction. 
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where Qijki is the electrostrictive tensor. The Einstein dummy suffix summation convention 
is adopted. We now change to the Voigt matrix notation 

€ij= e n for n = 1,2,3 
£ij= y for n = 4, 5, 6, 

defining electrostrictive tensor Q mn according to the Landolt-Bornstein reference book 7 : 



Qijki— Qmn for n — 1, 2, 3 
Qijki= %^ for n = 4, 5, 6. 



In Voigt notation the electrostrictive strain e appeared in the sample reads as 
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where 
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ei= P 2 Q(Qn + Q12) sin 2 + Q12 cos 2 1 

e 3 = F 2 (Qu cos 2 9 + Q12 sin 2 9) 
y/2 2 

e 4 = -— P Q44 cos sin 9 
e 6 = ip 2 g 44 sin 2 



In the Cartesian reference frame (x\, x'2, with the 2/3 axis parallel to the direction of 
the oblique cut (see Fig. [TJ), the strain tensor has the form: 
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(4) 
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where Q e lx , Q12, Qi2 2 \ an d Q% are the effective electrostrictive components. e 3 = P 2 Q 
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is parallel to the polarization and e[ = P 2 Q e ^ and e' 2 = P 2 Q" 1 ^' are perpendicular to it. 
For = 0, for typical cubic perovskites BaTi0 3 , SrTi0 3 , and PbTi0 3 Q e u = Qn > 



,0(2) 



while = Qi2 2) = Q12 < (see Tabled]) and the "extension along the field, contraction 
perpendicular to it" rule holds. In answering the question of whether this rule is violated for 
the oblique orientation of the sample, we are interested in whether the signs of Qn, Q12 , 
and depend on the value of angle 9. 

We start with an issue relevant to the problem. The field-induced relative change of the 
sample volume is given by the trace of the deformation tensor, which is independent of the 
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direction of the applied field: 

Tr{e l3 ) = P 2 (Q e n + Q e ^ + Q 6 ®) = P 2 (Q n + 2Q 12 ) = const. (5) 

Thus, in principle, if one cuts the sample obliquely with respect to the cubic crystallographic 
directions Q d l2 can become positive at the expense of a reduction in Q e u while keeping the 
sum Q e u + Qi2 + Qi2 constant and breaking the classical "extension along the field, 
contraction perpendicular to it" behavior. Indeed, for three perovskites materials BaTiC^, 
SrTi0 3 , and PbTi0 3 , such a reduction in Q e lx is possible as clear from Fig. [2j It is seen 
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FIG. 2. Effective Q X1 coefficient as a function of the cut direction for three perovskites materials 
BaTiOs (pink), SrTiOs (blue) and PbTiOs (green). The data for electrostrictive constants are 
taken from Table HI 
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TABLE I. Electrostrictive coefficients which were used for calculations, for BaTiOs coefficients 
were taken from^, for SrTiO"3 from^, and PbTiOs from^. The Q44 values are written taking into 
account the factor of 2 as defined in LandoltBornstein 7 . 

in Fig. [2] that while always stays positive, at the same time, it decreases for all the 
considered perovskite materials. Such a decrease corresponds to appreciable variations in 
Q12 for all these materials, as seen from Fig. El where the dependences of the ^ ratio on 
the cut direction 9 are plotted. For the cubic ferroelectrics considered, a positive Q 6 l2 can 
be found for certain directions. Cuts close to the [lll]-direction are of special interest. Here 
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FIG. 3. Dependence of ratio on the cut direction 6. Q u - longitudinal effective electrostrictive 

0(1} 0(2) 

coefficient, Q 12 ,Q\2 - two transversal effective electrostrictive coefficients (see ((H)). (a) plotted 
for BaTiO"3 with coefficients from&. (b) for SrTiC>3 from 9 , (c) for PbTiOs frorn^. 

one finds expansion of the sample in all directions. In addition, Q 1X has a minimum for 
the [lll]-direction which in turn gives a maximum for Q 12 + Q 12 . For cuts close to the 
[110]-direction, instead of the classical "extension along the field, contraction perpendicular 
to it" behavior one finds a very different behavior where, under the field, the sample expands 
in two dimensions and contracts in one (along the [001]-axis). 

III. CONCLUSIONS 

It was shown that classical cubic perovskite ferroelectrics exhibit deviations from the 
"extension along the field, contraction perpendicular to it" behavior if the sample is cut 
obliquely along cubic crystallographic directions. Particularly, one can find electrostrictive 
"expansion in all dimensions" like for the [111] cut or a situation where the sample contracts 
only in one dimension and expands in two. The crystal chemistry behind such behavior is 
not clear for the moment. This phenomenon may be of interest for actuators based on the 
electrostrictive effect. 
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